Objective-Defective smooth muscle expression of LDL receptor-related protein-1 (Lrp1) increases atherosclerosis in hypercholesterolemic mice. This study explored the importance of smooth muscle Lrp1 expression under normolipidemic conditions. Methods and Results-Smooth muscle cells isolated from control (smLrp1 ϩ/ϩ ) and smooth muscle-specific Lrp1 knockout (smLrp1 Ϫ/Ϫ ) mice were characterized based on morphology, smooth muscle marker protein expression levels, and growth rates in vitro. Vascular functions were assessed by aortic constrictive response to agonist stimulation in situ and neointimal hyperplasia to carotid arterial injury in vivo. The smLrp1 Ϫ/Ϫ smooth muscle cells displayed reduced ␣-actin and calponin expression and an accelerated growth rate attribtuable to sustained phosphorylation of platelet-derived growth factor receptor (PRGFR) and protein kinase B/Akt. Vasoconstrictive response to agonist stimulation was impaired in aortic rings isolated from smLrp1 Ϫ/Ϫ mice. Injury-induced neointimal hyperplasia was significantly increased in smLrp1 Ϫ/Ϫ mice. The increase in neointima was associated with corresponding elevated activation of PDGFR signaling pathway.
L ow-density lipoprotein receptor-related protein-1 (LRP1) is initially identified as an endocytic receptor capable of binding to and mediating the plasma clearance of many ligands including apoE-containing lipoproteins, ␣ 2macroglobulin, and several other protease complexes such as metalloproteinases 13, 2, and 9, and urokinase-and tissuetype plasminogen activators after their complex with plasminogen activator inhibitor type 1. 1, 2 The YxxL motif in the carboxyl-terminal intracellular domain of LRP1 serves as endocytosis signal for cellular uptake of bound ligands. 3 The cytoplasmic domain of LRP1 also contains 2 NPxY motifs capable of interacting with adaptor and scaffold proteins for signal transduction purposes. 4 In addition, LRP1 also modulates signal transduction functions of platelet-derived growth factor (PDGF) and transforming growth factor-␤ (TGF␤). [5] [6] [7] [8] [9] [10] The binding of PDGF to its cognate receptor results in tyrosine phosphorylation of the distal NPxY motif of LRP1 by Src and Src family kinases. 5, 6 The phosphorylation of the NPxY motif generates a docking site for Shc, 11 an adaptor protein that is involved in protein tyrosine kinase signaling, thereby promoting PDGF-induced cell proliferation and migration through Shc-mediated Ras signaling and mitogen-activated protein kinase activation. Direct communications between the extracellular ligand-binding domain and the intracellular signaling domain of LRP1 were demonstrated in vitro with results showing apoE binding to LRP1 inhibits its tyrosine phosphorylation by PDGF. 5 This apoE-mediated suppression of PDGF-induced LRP1 tyrosine phosphorylation may directly be responsible for its inhibition of PDGFinduced mitogen-activated protein kinase activity and migration of smooth muscle cells. [12] [13] [14] Recent studies have reported that LRP1 is identical to the type V TGF␤ receptor TGF␤R(V) and mediates TGF␤ inhibition of cell proliferation via Smad protein signaling. 15, 16 In myoblasts, LRP1 modulation of TGF␤ signaling requires activation of phosphatidylinositol 3-kinase (PI-3K). 10 The importance of LRP1 modulating PDGF and TGF␤ signaling cascades in vivo was illustrated recently by comparing vascular wall integrity and susceptibility to diet-induced atherosclerosis in LDL receptor defective (Ldlr Ϫ/Ϫ ) mice with or without smooth muscle-specific inactivation of the mouse Lrp1 gene (smLrp1 Ϫ/Ϫ ). 8, 9 These studies showed that aortas from smLrp1 Ϫ/Ϫ Ldlr Ϫ/Ϫ mice were distended and dilated in comparison to smLrp1 ϩ/ϩ Ldlr Ϫ/Ϫ mice. Cholesterol feeding of the smLrp1 Ϫ/Ϫ Ldlr Ϫ/Ϫ mice resulted in massive thickening of the vessel wall in comparison to that observed in cholesterol-fed smLrp1 ϩ/ϩ Ldlr Ϫ/Ϫ mice. The increase in wall thickness in the absence of smLrp1 was attributed to a combination of increased cellular proliferation, foam cell transformation, and cholesterol deposition in the interstitial clefts. 8 Vessel wall fibrosis, disruption of the elastic laminae, and aneurysm formation were also observed in the smLrp1 Ϫ/Ϫ Ldlr Ϫ/Ϫ mice. 8 The vascular pathology observed in smLrp1 Ϫ/Ϫ Ldlr Ϫ/Ϫ mice was significantly improved by blockade of PDGF or TGF␤ receptor signaling cascades with tyrosine kinase inhibitor Gleevec or PPAR␥ activation, respectively. 9 The expression of LRP1 in vascular smooth muscle cells has been shown to be upregulated under hypercholesterolemic conditions via suppression of sterol regulatory element binding protein-2. 17 This increase in LRP1 expression may represent smooth muscle cell response to hypercholesterolemic insults to limit vascular damage, thus the lack of Lrp1 expression in the vessel wall of hypercholesterolemic Ldlrdefective mice may exacerbate atherosclerosis by abolishment of this protective effect. Whether smooth musclespecific inactivation of Lrp1 affects vessel wall integrity and smooth muscle cell functions in the absence of cholesterol feeding remains unknown. This study was undertaken to address this issue by comparing vascular contractility and response to injury between normolipidemic smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice.
Methods
An expanded Methods section is available in the supplemental materials (available online at http://atvb.ahajournals.org).
Mice
The smLrp1 Ϫ/Ϫ mice produced by crossing sm22 promoter-driven cre transgenic mice with Lrp1 flox/flox mice 8 were backcrossed with wild-type C57BL/6 mice (Jackson Laboratories, Bar Harbor, Me) for 10 generations to obtain congenic littermates. The animals have free access to water and normal mouse chow (Harlan Teklad). Male smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ littermates between 6 and 8 weeks of age, and weighed between 25 to 30 g, were used for all experiments. All procedures were performed in accordance with institutional guidelines.
In Vitro Smooth Muscle Cell Characterization
Aortic smooth muscle cells were isolated from smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice using an enzyme dispersion method and were characterized by positive immunostaining with smooth muscle ␣-actin antibodies (clone 1A4, Sigma) as previously described. 14 All experiments were performed with cells between passages 1 and 5. Cell proliferation and migration assays were performed as described previously. 14 Proteins were extracted from cells for Western blot analysis with antibodies against vinculin/metavinculin, calponin, caldesmon, smooth muscle ␣-actin, tubulin, and Lrp1. Immunocyt-ofluorescence staining of smooth muscle cells was performed with cells seeded on glass coverslips.
Agonist-Induced Vasocontraction
Contractile functions of vascular smooth muscle were evaluated in situ with intact thoracic aortas obtained from age-matched male smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice as described. 18
Endothelial Denudation of Carotid Arteries and Neointima Evaluation in Mice
The procedures used to induce endothelial denudation in mouse carotid arteries, tissue preparation, and evaluation of neointimal formation were performed as described previously. 19 Cell proliferation and PDGFR signaling were assessed by incubating deparaffinized tissue sections overnight at 4°C with rabbit anti-Ki67 (Vector Laboratories), goat antiphospho-PDGFR (Santa Cruz Biotechnology), or rabbit antiphospho-Akt (Cell Signaling) at a 1:1000 dilution in Antibody Diluent (Zymed).
Statistical Analysis
Values were expressed as meanϮSEM. Multiple comparisons were first tested by Student t test or ANOVA. When ANOVA demonstrated significant differences, individual mean differences were analyzed post hoc by Tukey multiple comparison method using SigmaStat software. Growth curves and concentration-dependent contractility curves were first fitted with nonlinear regression analysis and then compared by ANOVA for repeated measures followed by Bonferroni post hoc analysis to detect differences using Prism software (GraphPad). Values of PϽ0.05 were considered significant in each case.
Results

Characterization of Wild-Type and smLrp1 ؊/؊ Smooth Muscle Cells
Freshly isolated aortic smooth muscle cells from smLrp1 Ϫ/Ϫ mice were more epithelioid shaped in comparison to the typical spindled-shaped smooth muscle cells from wild-type mice. Immunofluorescent localization of smooth musclespecific ␣-actin showed the typical filamental bundles spanning the length of quiescent wild-type smooth muscle cells ( Figure 1a ). In contrast, ␣-actin filaments were less abundant and were often disrupted in quiescent smooth muscle cells from smLrp1 Ϫ/Ϫ mice (Figure 1b ). The epithelioid cell morphology and low abundance of smooth muscle ␣-actin filaments in smLrp1 Ϫ/Ϫ cells resembled smooth muscle cells of the synthetic phenotype instead of the typical contractile smooth muscle cell characteristics of freshly isolated aortic smooth muscle cells. 20, 21 Western blot analysis of proteins extracted from smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ cells is supportive of this hypothesis, with results showing a slightly reduced level of smooth muscle ␣-actin and dramatic decrease in the level of calponin in smooth muscle cells without Lrp1 ( Figure  1e ). In contrast, vinculin/metavinculin, caldesmon, ␤-actin, and tubulin levels were not different between smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ smooth muscle cells ( Figure 1e ).
Different Growth Characteristics Between Wild-Type and smLrp1 ؊/؊ Smooth Muscle Cells
The differences in morphology and protein expression between smooth muscle cells isolated from smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice were reflected by their different responses to serum and PDGF-bb stimulation. Whereas PDGF-bb stimulation of wild-type smooth muscle cells resulted in ␣-actin filament disassembly and localization of the ␣-actin to plasma membranes, with minimal fillapodial extensions observable during the initial 60 minutes, smLrp1 Ϫ/Ϫ smooth muscle cells challenged with PDGF-bb induced rapid disassembly of ␣-actin and distinct fillapodial extensions were notable within this same time period (Figure 1c and 1d ). The smLrp1 Ϫ/Ϫ smooth muscle cells also displayed elevated proliferative rates when cultured in vitro. Whereas wild-type smooth muscle cells displayed a normal dose-dependent increase in [ 3 H]thymidine incorporation into DNA with maximal 4-fold increase observed at PDGF-bb concentrations of 15 ng/mL (Figure 2a ), smLrp1 Ϫ/Ϫ smooth muscle cells responded robustly to PDGF-bb stimulation with a 5-fold increase in [ 3 H]thymidine incorporation into DNA observed even at 0.15 ng/mL PDGF-bb (Figure 2a ). Greater than 6-fold increase in smLrp1 Ϫ/Ϫ cell proliferation was observed with 1.5 and 15 ng/mL PDGF-bb (Figure 2a ). The increased growth potential of Lrp1-defective smooth muscle cells was confirmed by directly monitoring serum-induced cell growth throughout a 2-week period. Smooth muscle cells isolated from smLrp1 Ϫ/Ϫ mice displayed a shorter doubling time compared to wild-type smooth muscle cells (Figure 2b ). The smLrp1 Ϫ/Ϫ cells displayed vigorous growth with significant differences in cell number from wild-type cells by day 7 and reaching confluence at day 11 (Figure 2b ). In contrast, wild-type smooth muscle cells did not double in number until after 11 days in culture with 10% serum, nevertheless confluence was reached within 2 weeks ( Figure 2b ). Similar results showing enhanced growth rates and [ 3 H]thymidine incorporation into cellular DNA were also observed with smooth muscle cells isolated from smLrp1 Ϫ/Ϫ mice with mixed genetic background (supplemental Figure I) . The smLrp1 Ϫ/Ϫ smooth muscle cells also displayed enhanced migration in response to PDGF-bb with a 40% increase in the number of migrated cells at 1.5 ng/mL PDGF-bb ( Figure 2c ).
Elevated PDGF Signaling Pathway in smLrp1 ؊/؊ Smooth Muscle Cells
The mechanism responsible for the increased growth rates of smLrp1 Ϫ/Ϫ smooth muscle cells compared to wild-type cells was explored by determining their initial cell signaling response to PDGF-bb stimulation. The incubation of wildtype smooth muscle cells with PDGF-bb resulted in rapid tyrosine phosphorylation of PDGFR-␤ with peak induction occurring at 2.5 minutes followed by a return to basal levels after 30 minutes (Figure 2d ). In contrast, smLrp1 Ϫ/Ϫ smooth muscle cells displayed significantly higher level of PDGFR-␤ expression and phosphorylation throughout the same period. High levels of PDGFR-␤ expression and phosphorylation were sustained throughout 10 minutes of PDGF-bb incubation, and their levels were significantly above basal level even after 30 minutes of incubation (Figure 2d ). The sustained elevation of PDGFR-␤ phosphorylation in smLrp1 Ϫ/Ϫ smooth muscle cells also resulted in their elevated and sustained Akt phosphorylation in response to PDGF-bb in comparison to wild-type smooth muscle cells (Figure 2d ).
Medial Thickening and PDGFR-␤ Activation in Aortas of smLrp1 ؊/؊ Mice
Consistent with results of isolated smooth muscle cells incubated in vitro, histochemical staining of aortas from smLrp1 Ϫ/Ϫ mice documented a doubling of medial thickness characterized by increased number of cell nuclei and disruption of elastic layers in comparison to the aortas of smLrp1 ϩ/ϩ mice (Figure 3a and 3b ). Analysis of aortic extracts revealed increased PDGFR-␤ expression and activation as well as decreased calponin expression in the vessel wall of smLrp1 Ϫ/Ϫ mice (Figure 3c ). Residual Lrp1 expression observed in the aortic extract of smLrp1 Ϫ/Ϫ mice was most likely attributable to Lrp1 expression in nonsmooth muscle cells in the vessel wall.
Defective Aortic Contraction in smLrp1 ؊/؊ Mice
The reduced expression level of the contractile protein calponin in aortas of smLrp1 Ϫ/Ϫ mice suggested that normal contractile function of the vessel wall may be compromised by Lrp1 deficiency. Therefore, aortic rings were prepared from smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mouse aortas to evaluate their vasoconstrictive response to stimulation. Whereas aortic rings from smLrp1 ϩ/ϩ mice displayed concentration- dependent increase of contractile force in response to KCl and phenylephrine stimulation, with maximal force achieved with 50 mmol/L and 1 mol/L, respectively, aortic rings from smLrp1 Ϫ/Ϫ mice failed to reach 50% level of force generation at any concentrations of KCl and phenylephrine tested (Figure 4 ).
Smooth Muscle Lrp1 Deficiency Promotes Neointimal Hyperplasia After Endothelial Denudation
The impact of the increased proliferative rates of smLrp1 Ϫ/Ϫ smooth muscle cells on vascular response to injury was explored by comparing neointimal formation in the vessel wall of smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice after endothelial denudation. In these experiments, the carotid arteries of chow-fed smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice were denuded of their endothelium mechanically with an epon resin-modified catheter probe, and whole neck sections were processed after 14 days for histological analysis. 22 Results showed minimal neointimal formation in smLrp1 ϩ/ϩ mice after endothelial denudation (supplemental Figure II) , which is consistent with previous reports of resistance to injury-induced neointimal hyperplasia in the C57BL/6 mouse strain. 23 In contrast, the injured carotid arteries of smLrp1 Ϫ/Ϫ mice showed significant thickening of the vessel wall.
Morphometric analysis of injured and uninjured carotid arteries from 8 mice in each group confirmed the lack of neointimal formation 14 days after endothelial denudation of the carotid arteries of smLrp1 ϩ/ϩ mice, whereas a significant neointimal area was observed after endothelial denudation of the smLrp1 Ϫ/Ϫ carotid arteries (Figure 5a ). Morphometric measurements revealed consistently larger medial area and thickness in the contralateral uninjured and the injured carotid arteries of smLrp1 Ϫ/Ϫ mice compared to that observed in smLrp1 ϩ/ϩ mice (Figure 5b,c) . Luminal area measurements were not different between injured arteries of smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice.
Immunofluorescent characterization of the neointima in injured arteries of smLrp1 Ϫ/Ϫ mice revealed the presence of the cell proliferative marker Ki67 14 days after endothelial denudation ( Figure 6 ). As reported previously, 22 smooth muscle cell proliferation in the neointima has already subsided 14 days after endothelial denudation in wild-type C57BL/6 smLrp1 ϩ/ϩ mice (data not shown). The prolonged neointimal hyperplasia observed in the injured arteries of smLrp1 Ϫ/Ϫ mice coincided with the persistent PDGFR-␤ activation of cell signaling events with both phospho-PDGFR-␤ and phospho-Akt epitopes readily detectable in the intima of injured arteries of smLrp1 Ϫ/Ϫ mice ( Figure 6 ). Interestingly, Ki67, phospho-PDGFR-␤, and phospho-Akt epitopes were below the detected limits in the uninjured carotid arteries of smLrp1 Ϫ/Ϫ mice ( Figure 6 ). 
Discussion
Arterial smooth muscle cells are heterogeneous and can be separated into at least 2 distinct phenotypes: one displaying epithelioid morphology with a relatively fast growth rate and another displaying spindle morphology that grows slower but has the capacity to contract. 21, 24 The spindleshaped smooth muscle cells also have a more mature smooth muscle cell phenotype with greater abundance of smooth muscle ␣-actin, calponin, h-caldesmon, and the presence of metavinculin. 21 In the present study, we showed that smooth muscle cells devoid of Lrp1 displayed an epithelioid morphology with relatively less ␣-actin filaments than the typical smooth muscle cells isolated from aortas of wild-type mice. Importantly, the smLrp1 Ϫ/Ϫ smooth muscle cells were depleted of calponin, similar to that observed in synthetic but not contractile smooth muscle cells. The morphological and protein expression differences between smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ smooth muscle cells are reflected by their functional differences in response to stimulation. The aortas isolated from smLrp1 Ϫ/Ϫ mice, with calponin-depleted smooth muscle cells, were defective in constrictive response to KCl and phenylephrine stimulation in situ. In addition, the smLrp1 Ϫ/Ϫ smooth muscle cells displayed accelerated growth rates in response to growth factor and serum stimulation in vitro, thickening of the aorta in vivo, and increased proliferation resulting in neointimal hyperplasia after endothelial denudation.
The rapid growth rate of smLrp1 Ϫ/Ϫ smooth muscle cells in comparison to that observed with wild-type cells is consistent with the sustained elevated levels of phosphorylated PDGFR-␤ in the absence of Lrp1. Previous studies have already shown elevated PDGFR-␤ level and phosphorylation in smooth muscle cells isolated from mice deficient in both Lrp1 and LDL receptor. 8, 9 The current study revealed similarly elevated PDGFR-␤ expression and activation in Lrp1-negative cells without LDL receptor deficiency. Accordingly, Lrp1 regulation of PDGFR-␤ level and activity is not dependent on LDL receptor expression or hypercholesterolemia. The increased expression level of PDGFR-␤ in smLrp1 Ϫ/Ϫ smooth muscle cells also confirms the established role of Lrp1 in regulating PDGFR-␤ clearance of PDGF-bb. Both Lrp1 and PDGFR-␤ are located in lipid raft-rich membrane domains where cell signaling pathways initiate. 5, 25 Ligand binding to PDGFR-␤ induces receptor clustering, and the receptorligand complex is translocated to clathrin coated pits and then internalized to lysosomes for degradation and cell signal termination. Recent studies showed a direct interaction between Lrp1 and PDGFR-␤ in endosomal compartments. 7 Thus, in the absence of Lrp1, PDGFR-␤ internalization and inactivation may be compromised resulting in increased PDGFR-␤ level at the cell surface and enhanced cell response to PDGF-bb. Results demonstrating a direct role of Lrp1 in promoting PDGFR-␤ endocytosis and turnover 7, 26 are supportive of this hypothesis. However, it is important to note that Lrp1 regulation of PDGFR-␤ level and activation is cell type specific because PDGFR-␤ expression is lower in Lrp1-negative than Lrp1-positive fibroblasts. 26, 27 The mechanism responsible for this cell type specific difference in Lrp1-modulation of PDGFR-␤ level remains to be identified.
The current study also demonstrated that the increased expression and activity of PDGFR-␤ in Lrp1-deficient vessel wall promotes neointimal hyperplasia after endothelial denudation. Comparison of injured carotid arteries between smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice revealed the increase in medial area as well as presence of a neointima in the latter group. Medial thickening of the vessel wall was also observed in the contralateral uninjured carotid arteries as well as in the aortas of smLrp1 Ϫ/Ϫ mice without surgery. Because Ki-67 epitopes were not detected in the medial layer of uninjured vessels, the increased medial thickness is likely attributable to increased extracellular matrix as a consequence of constitutive TGF␤ receptor activation in the absence Lrp1. 9 However, we cannot rule out the possibility of elevated medial smooth muscle cell proliferation in smLrp1 Ϫ/Ϫ mice attributable to the limited sensitivity of the histological immunodetection method used. The elevated levels of proliferating smooth muscle cells were evident on endothelial injury with positive immunostaining for Ki-67 epitope, phospho-PDGFR␤, and phospho-Akt.
The decreased expression of the contractile protein calponin in smLrp1 Ϫ/Ϫ smooth muscle cells resulted in compromised vascular functions as demonstrated by defective vasoconstrictive response of smLrp1 Ϫ/Ϫ mouse aortas to KCl and phenylephrine stimulation. Previous studies have shown the downregulation of calponin expression and conversion of contractile to synthetic phenotype of smooth muscle cells after treatment with PDGF-bb and interleukin-1␤ (IL-1␤). 28 Although PDGF-bb treatment alone was not sufficient and synergistic IL1-␤ activity to induce calponin downregulation, the difference between PDGF-bb and PDGF-bb/IL-1␤ treatment was the transient induction of PDGFR and Akt phosphorylation in the former and their sustained phosphorylation in the latter. 28 The sustained activation of Akt was shown to be effective in converting contractile smooth muscle cells to that of a synthetic phenotype. 28 Thus, the constitutive activation of PDGFR-␤ signaling pathway and activation of Akt is likely responsible for the decreased expression of calponin and reduced vasocontractive response of smLrp1 Ϫ/Ϫ mice.
The decrease in vasoconstrictive response and the elevated injury-induced neointimal hyperplasia observed in smLrp1 Ϫ/Ϫ mice cannot be attributed to the role of Lrp1 in lipoprotein metabolism because both smLrp1 ϩ/ϩ and smLrp1 Ϫ/Ϫ mice used in these experiments were maintained on a low fat/low cholesterol diet and displayed similar plasma cholesterol levels. Previously, increase in vascular occlusion in the absence of smooth muscle Lrp1 was also observed in cholesterol-fed LDL receptor-deficient mice. 8 In view of recent studies illustrating different mechanisms for the pathogenesis of injury-induced neointimal hyperplasia and lipid-induced atherosclerosis, 23, 29 these results indicated the importance of Lrp1 expression in vascular protection against both injury-induced and diet-induce vascular occlusion. Importantly, the increased in neointimal formation after endothelial denudation of smLrp1 Ϫ/Ϫ mice, a model with minimal involvement of lymphocytes and macropahges, 29, 30 indicates Lrp1 protection against vascular occlusion is a direct effect of Lrp1 function in smooth muscle cells in limiting hyperplasia independent of inflammatory response. South Central Affiliate of the AHA (to L.Z.). NIH also provided
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